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Introduction and Motivation

— The efficiency of processes with sCO2 can be potentially optimized by using blends

— Example: Shift of critical point
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Introduction and Motivation

— Multiparameter equations of state (e.g. Span and Wagner (1996)) can be used in a multi-

fluid mixture model (Lemmon and Tillner-Roth (1999), Kunz and Wagner (2012))

— For accurate models, usually many parameters need to be fitted to experimental data

— Standard mixing rules for predictive calculations do not always give good results

— Recently, we proposed a predictive model, which yields good results for phase equilibria

— Representation of homogeneous properties is studied in this work

— Here: CO2+CH4 and CO2+C2H6 studied
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Multi-Fluid Mixture Models

The multi-fluid mixture model can be written as follows

𝑎

𝑅𝑇
= 𝛼 𝜏, 𝛿, ҧ𝑥 = 

𝑖=1

𝑁

𝑥𝑖 𝛼o,𝑖
o 𝑇, 𝜌

Pure
substance

+

𝑖=1

𝑁

𝑥𝑖 ln 𝑥𝑖

Ideal mixing

+



𝑖=1

𝑁

𝑥𝑖 𝛼o,𝑖
r 𝜏, 𝛿

Pure
substance

+ 

𝑖=1

𝑁−1



𝑗=𝑖+1

𝑁

𝑥𝑖𝑥𝑗𝐹𝑖𝑗𝛼𝑖𝑗
r (𝜏, 𝛿)

Departure function

𝛼𝑖𝑗
r = 

𝑘=1

𝐾Pol,𝑖𝑗

𝑛𝑖𝑗,𝑘𝛿
𝑑𝑖𝑗,𝑘𝜏𝑡𝑖𝑗,𝑘 + 𝛼𝑖𝑗,EXP

r +⋯

Mixture of ideal gases: 

No adjustable parameters

Residual part: 

Arbitrary number of

adjustable parameters
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Multi-Fluid Mixture Models

The multi-fluid mixture model can be written as follows

𝑎

𝑅𝑇
= 𝛼 𝜏, 𝛿, ҧ𝑥 = 

𝑖=1

𝑁

𝑥𝑖 𝛼o,𝑖
o 𝑇, 𝜌

Pure
substance

+

𝑖=1

𝑁

𝑥𝑖 ln 𝑥𝑖

Ideal mixing

+



𝑖=1

𝑁

𝑥𝑖 𝛼o,𝑖
r 𝜏, 𝛿

Pure
substance

+ 

𝑖=1

𝑁−1



𝑗=𝑖+1

𝑁

𝑥𝑖𝑥𝑗𝐹𝑖𝑗𝛼𝑖𝑗
r (𝜏, 𝛿)

Departure function

𝛼𝑖𝑗
r = 

𝑘=1

𝐾Pol,𝑖𝑗

𝑛𝑖𝑗,𝑘𝛿
𝑑𝑖𝑗,𝑘𝜏𝑡𝑖𝑗,𝑘 + 𝛼𝑖𝑗,EXP

r +⋯

REF-MOD
Kunz and Wagner (2012)
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Multi-Fluid Mixture Models

The reducing parameters are a function of the composition

𝑇red =

𝑖=1

𝑁



𝑗=1

𝑁

𝑥𝑖𝑥𝑗𝛽𝑇,𝑖𝑗𝛾𝑇,𝑖𝑗
𝑥𝑖 + 𝑥𝑗

𝛽𝑇,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

𝑇c,𝑖𝑇c,𝑗
0.5

𝜏 =
𝑇red ҧ𝑥

𝑇

𝛿 =
𝜌

𝜌red ҧ𝑥

1

𝜌red
= 𝑣red =

𝑖=1

𝑁



𝑗=1

𝑁

𝑥𝑖𝑥𝑗𝛽𝑣,𝑖𝑗𝛾𝑣,𝑖𝑗
𝑥𝑖 + 𝑥𝑗

𝛽𝑣,𝑖𝑗
2 𝑥𝑖 + 𝑥𝑗

1

8

1

𝜌c,𝑖
Τ1 3
+

1

𝜌c,𝑗
Τ1 3

3
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Multi-Fluid Mixture Models

If no experimental data are available

 Standard mixing rules for reducing parameters

Linear mixing rules

No departure function

𝛽𝑇 = 1 ; 𝛽𝑣 = 1 ; 𝛾𝑇 =
1

2

𝑇c,𝑖 + 𝑇c,𝑗

𝑇c,𝑖 ⋅ 𝑇c,𝑗
0,5 ; 𝛾𝑣 = 4

𝑣c,𝑖 + 𝑣c,𝑗

𝑣c,𝑖
Τ1 3 + 𝑣c,𝑗

Τ1 3
3

𝛼𝑖𝑗
r = 0

 𝑇red =

𝑖=1

𝑁

𝑥𝑖𝑇c,𝑖 𝑣red =

𝑖=1

𝑁

𝑥𝑖𝑣c,𝑖and
LIN-MOD
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Multi-Fluid Mixture Models

The multi-fluid mixture model can be written as follows

𝑎

𝑅𝑇
= 𝛼 𝜏, 𝛿, ҧ𝑥 =

𝑖=1

𝑁

𝑥𝑖 𝛼o,𝑖
o 𝑇, 𝜌

Pure
substance

+

𝑖=1

𝑁

𝑥𝑖 ln 𝑥𝑖

Ideal mixing

+



𝑖=1

𝑁

𝑥𝑖 𝛼o,𝑖
r 𝜏, 𝛿

Pure
substance

+ 𝛼DEP

Departure function
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Combination of Multi-Fluid Mixture Models with gE-Models

The theoretically based departure function reads (Jäger et al. (2018a, 2018b)) 

𝛼Dep =
ln 1 + 𝑏𝜌

ln 1 + 𝑏𝜌ref

𝑔GE
E,r

𝑅𝑇
−

𝑖=1

𝑁

𝑥𝑖 𝛼o𝑖
r 𝛿ref, 𝜏 − 𝛼o𝑖

r 𝛿𝑖,ref, 𝜏𝑖

UNIFAC

𝑔E,r = 𝑅𝑇

𝑖=1

𝑁

𝑥𝑖 ln 𝛾𝑖
r

Fredenslund et al. (1975)

Parameters of the VTPR (Schmid and

Gmehling (2012), Schmid et al. (2014))

UNI-MODC

CO O

C

H H

H H

HH

Ψ𝑛𝑚 = exp −
𝑎𝑛𝑚 + 𝑏𝑛𝑚𝑇 + 𝑐𝑛𝑚𝑇

2

𝑇



A. Jäger, E. Mickoleit, and C. Breitkopf Slide 12

Combination of Multi-Fluid Mixture Models with gE-Models

The theoretically based departure function reads (Jäger et al. (2018a, 2018b)) 

𝛼Dep =
ln 1 + 𝑏𝜌

ln 1 + 𝑏𝜌ref

𝑔GE
E,r

𝑅𝑇
−

𝑖=1

𝑁

𝑥𝑖 𝛼o𝑖
r 𝛿ref, 𝜏 − 𝛼o𝑖

r 𝛿𝑖,ref, 𝜏𝑖

COSMO-SAC

𝑔E,r = 𝑅𝑇

𝑖=1

𝑁

𝑥𝑖 ln 𝛾𝑖
r

Lin and Sandler (2002) (COSMO-SAC 1)

Hsieh et al. (2010) (COSMO-SAC 2)

Hsieh et al. (2014) (COSMO-SAC 3)

COS1-MOD

COS2-MOD

COS3-MOD
Δ𝑊(𝜎𝑛, 𝜎𝑚)
Exchange energy
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Thermophysical Property Software (TREND)

— All models are implemented in a user-friedly software tool (TREND 4.0)
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Results Phase Equilibria CO2+C2H6

— Other models typically yield better

results for phase equilibria than

LIN-MOD

— COS3-MOD: 

Adjusted dispersion parameter

T = 253 K

휀CO2
𝑘B

= 85 K

2.5

2.0

1.5

Τ
𝑝

M
P
a

1.0
0.0

𝑥C2H6

0.2 0.4 0.6 0.8 1.0
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Results Phase Equilibria CO2+C2H6

— More results for phase equilibria can be found in our recent works

Jäger et al. (2018a) Jäger et al. (2018b)
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Results Homogeneos Densities CO2+CH4

— Experimental data by

Jaeschke et al. (1991, 1997)

— Uncertainty of the data approx.

0.1%

— Tendency visible that predictive

models UNI-MOD, COS1-MOD,

COS2-MOD, COS3-MOD yield

better results than LIN-MOD

T = 290 K
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Results Homogeneos Densities CO2+C2H6

— Tendency visible that predictive

models UNI-MOD, COS1-MOD,

COS2-MOD, COS3-MOD yield

better results than LIN-MOD

T = (293.1 - 313.1) K
2
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Summary

— Predictive multi-fluid mixture models and reference models have been compared to

experimental data

— Investigated mixtures: CO2+CH4 and CO2+C2H6

— Results for phase equilibria are better for UNI-MOD and COS-MOD than with LIN-MOD

— Unexpectedly, homogeneous densities are also better with UNI-MOD and COS-MOD than

with LIN-MOD

— Hence, the combination of the multi-fluid mixture model with 𝑔E-models seems to be better

suited for screening purposed than LIN-MOD
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Perspective

— Further comparisons needed:

- Other mixtures

- More properties (speed of sound, heat capacity, etc.)

— The effect of refitting (general) parameters of UNIFAC and COSMO-SAC should be

studied

— The developed models can be used for screenings for promising mixtures

— Further development of these models: TU Dresden, suCOO-Lab



A. Jäger, E. Mickoleit, and C. Breitkopf Slide 20

Thank you for your attention!

Questions?
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Combination of Multi-Fluid Mixture Models with gE-Models

Basic idea: equate 𝑔E or 𝑎E at a specified reference pressure

Needed: expression for 𝑎E from multi-fluid mixture model

𝑔EOS
E (𝑝0) = 𝑔GE

E 𝑎EOS
E (𝑝0) = 𝑎GE

E

𝑎E 𝑇, 𝑝, ҧ𝑥 = 𝑎 𝑇, 𝑝, ҧ𝑥 − 𝑅𝑇 

𝑖=1

𝑁

𝑥𝑖ln 𝑥𝑖 −

𝑖=1

𝑁

𝑥𝑖𝑎o𝑖(𝑇, 𝑝)

Molar Helmholtz energy

of the mixture at specified

𝑇, 𝑝, ҧ𝑥

Ideal mixing

term
Molar Helmholtz energies

of the pure compontents 𝑖

at specified 𝑇, 𝑝
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Combination of Multi-Fluid Mixture Models with gE-Models

Molar Helmholtz energy of the mixture calculated with the multi-fluid mixture model

The Helmholtz energy of the mixture needs to be evaluated at 𝑇, 𝑝 und ഥ𝑥

𝑎(𝑇, 𝑝, ҧ𝑥)

𝑅𝑇
= 𝛼 𝜏, 𝛿, ҧ𝑥 = 

𝑖=1

𝑁

𝑥𝑖𝛼o,𝑖
o 𝑇, 𝜌 +

𝑖=1

𝑁

𝑥𝑖 ln 𝑥𝑖 +

𝑖=1

𝑁

𝑥𝑖𝛼o,𝑖
r 𝜏, 𝛿 + 𝛼

Dep
(𝑇, 𝑝, ҧ𝑥)

𝜌 = 𝜌(𝑇, 𝑝, ҧ𝑥)

𝜏 =
𝑇red ҧ𝑥

𝑇

𝛿 =
𝜌(𝑇, 𝑝, ҧ𝑥)

𝜌red ҧ𝑥
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Combination of Multi-Fluid Mixture Models with gE-Models

Molar Helmholtz energy of the pure components

The Helmholtz energies need to be evaluated at the same 𝑇 and 𝑝:

𝜌𝑖 = 𝜌𝑖(𝑇, 𝑝)

𝑎o𝑖(𝑇, 𝑝)

𝑅𝑇
= 𝛼o,𝑖

o 𝑇, 𝜌𝑖 + 𝛼o,𝑖
r 𝜏𝑖 , 𝛿𝑖

 𝛿𝑖 =
𝜌𝑖(𝑇, 𝑝)

𝜌c,𝑖

𝜏𝑖 =
𝑇c,𝑖
𝑇
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Combination of Multi-Fluid Mixture Models with gE-Models

The molar excess Helmholtz energy then becomes

With

it is

𝑎E(𝑇, 𝑝, ҧ𝑥)

𝑅𝑇
=

𝑖=1

𝑁

𝑥𝑖[𝛼o,𝑖
o 𝑇, 𝜌 − 𝛼o,𝑖

o 𝑇, 𝜌𝑖 ] +

𝑖=1

𝑁

𝑥𝑖[𝛼o,𝑖
r 𝜏, 𝛿 − 𝛼o,𝑖

r 𝜏𝑖, 𝛿𝑖 ] + 𝛼
Dep

(𝑇, 𝑝, ҧ𝑥)

𝛼o,𝑖
o 𝑇, 𝜌 = 𝑓𝑖 𝑇 + ln

𝜌

𝜌c,𝑖
𝛼o,𝑖
o 𝑇, 𝜌𝑖 = 𝑓𝑖 𝑇 + ln

𝜌𝑖
𝜌c,𝑖

and

𝑎E(𝑇, 𝑝, ҧ𝑥)

𝑅𝑇
=

𝑖=1

𝑁

𝑥𝑖 ln
𝜌

𝜌𝑖
+

𝑖=1

𝑁

𝑥𝑖[𝛼o,𝑖
r 𝜏, 𝛿 − 𝛼o,𝑖

r 𝜏𝑖, 𝛿𝑖 ] + 𝛼
Dep

(𝑇, 𝑝, ҧ𝑥)
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Combination of Multi-Fluid Mixture Models with gE-Models

Finally, the departure function becomes

Choice of a reference pressure:

— Like PSRK (Holderbaum and Gmehling (1991))

— Saturated liquid at 𝑝0 = 101325 Pa

— Assumption of a constant packing fraction 𝑢 at saturated liquid conditions

𝛼
Dep

𝑇, 𝑝, ҧ𝑥 =
𝑎E(𝑇, 𝑝, ҧ𝑥)

𝑅𝑇
−

𝑖=1

𝑁

𝑥𝑖 ln
𝜌

𝜌𝑖
−

𝑖=1

𝑁

𝑥𝑖[𝛼o,𝑖
r 𝜏, 𝛿 − 𝛼o,𝑖

r 𝜏𝑖, 𝛿𝑖 ]
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Combination of Multi-Fluid Mixture Models with gE-Models

The following assumptions are used:

— The reference pressure is chosen as 𝑝0 = 101325 Pa (see PSRK, VTPR)

— The densities of the liquid phase at 𝑝0 are calculated assuming (see PSRK, VTPR)

— The densities at the reference pressure then become

𝜌ref =
1

𝑢𝑏
and 𝜌𝑖,ref =

1

𝑢𝑏𝑖

𝑢 = 1.17 = const. 𝑢 =
𝑣s
L 𝑝0
𝑏

=
𝑣s,𝑖
L 𝑝0

𝑏𝑖
Inverse packing fraction:
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Combination of Multi-Fluid Mixture Models with gE-Models

Calculated inverse packing fractions of saturated liquids at 𝑝0

Calculated with TREND 3.0 (Span 

et al. (2016)) with multiparameter

equations of state for 121 fluids

ത𝑢𝑖 ≈ 1.17 𝑢 = 𝑢𝑖 = 1.17

Water (IAPWS 95)

Helium

𝜌𝑖,ref = 𝜌s,𝑖(𝑝0)𝜌𝑖,ref =
1

𝑢𝑏𝑖
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Combination of Multi-Fluid Mixture Models with gE-Models

The inverse packing fraction is defined as

For pure substances:   with

The covolume of the mixture is calculated with a linear mixing rule

𝑢 =
𝑣L

𝑏

𝑢

𝑣L

𝑏

- Inverse packing fraction

- Molar volume of the saturated liquid

- covolume calculated with a cubic equation of state

𝑏𝑖 = 0.08664
𝑅𝑇c,𝑖
𝑝c,𝑖

𝑏 =

𝑖=1

𝑁

𝑥𝑖𝑏𝑖

𝑢𝑖 =
𝑣𝑖
L

𝑏𝑖
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Combination of Multi-Fluid Mixture Models with gE-Models

With the definition of the inverse packing fraction follows

Hence, the reduced densities at reference conditions become

And therefore the departure function

𝛼Dep =
𝑎E

𝑅𝑇
−

𝑖=1

𝑁

𝑥𝑖 ln
𝑏𝑖
𝑏

−

𝑖=1

𝑁

𝑥𝑖[𝛼o𝑖
r 𝛿ref, 𝜏 − 𝛼o𝑖

r 𝛿𝑖,ref, 𝜏𝑖 ]

𝜌ref =
1

𝑢𝑏
and 𝜌𝑖,ref =

1

𝑢𝑏𝑖

𝛿ref =
1

𝑢𝑏𝜌r
and 𝛿𝑖,ref =

1

𝑢𝑏𝑖𝜌c,𝑖

Densities of saturated liquid at 𝑝0
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Combination of Multi-Fluid Mixture Models with gE-Models

The residual part should hold: lim
𝜌→0

𝛼r = 0. Therefore, a density dependent term is needed.

Translating the PSRK to the reduced residual Helmholtz energy, the following is obtained

Applying the density dependent term of the PSRK yields:

𝛼PSRK
r = − ln 1 − 𝑏𝜌 +

ln 1 + 𝑏𝜌

ln 1 +
1
𝑢

𝑔GE
E

𝑅𝑇
−

𝑖=1

𝑁

𝑥𝑖 ln
𝑏𝑖
𝑏

−
1

𝑅𝑇
ln 1 +

1

𝑢


𝑖=1

𝑁

𝑥𝑖
𝑎𝑖
𝑏𝑖

𝛼Dep =
ln 1 + 𝑏𝜌

ln 1 +
1
𝑢

𝑎GE
E

𝑅𝑇
−

𝑖=1

𝑁

𝑥𝑖 ln
𝑏𝑖
𝑏

−

𝑖=1

𝑁

𝑥𝑖[𝛼o𝑖
r 𝛿ref, 𝜏 − 𝛼o𝑖

r 𝛿𝑖,ref, 𝜏𝑖 ]
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Results for All Binary Mixtures With Linear Mixing Rules

For more results, see

Jäger, A.; Bell, I.H.; Breitkopf, C.: „A theoretically based departure function for

multi-fluid mixture models“, Fluid Phase Equilibria 469, 56-69, 2018.



A. Jäger, E. Mickoleit, and C. Breitkopf Slide 34

Results for all binary mixtures

— Linear mixing rules
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Results for all binary mixtures

— New model with fitted parameters
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Results for all binary mixtures

— New model with PSRK parameters
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Results for all binary mixtures

— New model with VTPR parameters
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Results for all binary mixtures

— Results of full PSRK
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Results with Standard Mixing Rules

Results for ethane + propene and benzene + ethanol with linear mixing rules

T = 293.15 K

T = 318.15 K

T = 333.15 K

𝑥Ethane 𝑥Ethanol

Τ
𝑝
M
P
a

Τ
𝑝
M
P
a

ethane + propene benzene + ethanol
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Results of the New Model with UNIFAC (VTPR) Parameters

Results for ethane + propene and benzene + ethanol with VTPR parameters for UNIFAC

T = 293.15 K

T = 318.15 K

T = 333.15 K

𝑥Ethane 𝑥Ethanol

Τ
𝑝
M
P
a

Τ
𝑝
M
P
a

ethane + propene benzene + ethanol
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Results of the new model with COSMO-SAC (Mullins et al. 2006)

Results for ethane + propene und benzene + ethanol with COSMO-SAC

T = 293.15 K

T = 318.15 K

T = 333.15 K

𝑥Ethane 𝑥Ethanol

Τ
𝑝
M
P
a

Τ
𝑝
M
P
a

ethane + propene benzene + ethanol
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Results for mixtures with water: water + acetone

Results for acetone + water with linear mixing rules

p = 0.02 MPa

𝑥Acetone

Τ
𝑇

K
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Results for mixtures with water: water + acetone

Results for acetone + water with VTPR parameters for UNIFAC

p = 0.02 MPa

𝑥Acetone

Τ
𝑇

K
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Results for mixtures with water: water + acetone

Results for acetone + water with partly fitted VTPR parameters for UNIFAC

p = 0.02 MPa

𝑥Acetone

𝑎79, 𝑏79, 𝑐79, 𝑎97, 𝑏97, 𝑐97

Fitted to data:

Τ
𝑇

K


